To enhance numerical modeling of the coastal ecosystem complex (CEC), we reviewed the CEC and related concepts along with the current coastal ecosystem model framework in this study. We identified two model implementation paths from the initial objectives to numerical models: specific model building, and the use of existing model frameworks. As the CEC is still at the conceptual stage, both paths are possible. Four important ecological features of CEC modeling (population connectivity, habitat heterogeneity, ontogeny of organisms, and trophic interactions) were also identified. Models for population connectivity, species distributions, life histories, and food webs were categorized using these features. We found that some previously established concepts (between-habitat interactions, coastal ecosystem mosaic, and seascape nursery) overlap with the CEC concept. Several existing integrated model frameworks were reviewed, focusing on their potential to simulate CEC processes. Building specific models for the CEC at the current conceptual stage will be challenging, and modification of existing models will be needed if they are to be used for CEC modeling. Habitat function, ontogenetic development in early life stages, and recruitment variability are important factors when modifying existing models for the development of CEC models. Although model complexity should become high to reproduce observed ecoclogical processes, an intermediate level of model ccomplexity is feasible to decrease parameter uncertainty in models for fisheries management.
Introduction
Ecosystem models are simplifications of natural realms (Odum and Barrett 2004) . The modeling of ecosystems begins with the development of specific objectives.
Observations and analyses are needed to build a conceptual model, which is then developed as a numerical model by mathematical formulation of the relevant processes (Kremer and Nixon 1978) . Simple mathematical models are often treated analytically, while complex models, such as those consisting of sets of time-dependent differential equations governing the evolution of state variables, must be integrated using computers (Fig. 1) . As numerical ecosystem models are increasingly used for a variety of purposes, a high level of complexity is needed to represent more detailed processes, which requires substantial resources for formulation and coding. This argues for the cautious use of existing generic ecosystem model frameworks to simulate new concepts ( Fig. 1) , rather than constructing specific models for specific purposes. The use of an existing model framework may require fewer resources, but careful examination is needed, especially with regard to model attributes, scales and reproducibility for key functional groups (Essington and Plaganyi 2013) .
Marine ecosystems contain numerous organisms and materials that interact through physical, chemical, and biological processes. Numerical models of marine ecosystems at lower trophic levels usually consist of equations governing hydrodynamics, the chemical reactions of dissolved and particulate materials, and the behavior, interactions, and physiology of organisms; these are implemented in representative models (Fasham et al. 1990 ; Kishi et al. 2007; Moore et al. 2004; Shigemitsu et al. 2012) . Although these models are mechanistically oriented, some equations and parameters, especially those for biological processes, are empirically determined because the principles governing ecological systems are less well established than those for physical systems (Okubo and Levin 2001) .
Although marine areas are ultimately interconnected, local geographical and hydrographical factors typically characterize local ecosystems. Coastal areas are partially isolated by the shoreline and are often strongly influenced by local topography, tides, currents, meteorological forcing, terrestrial systems, and anthropogenic impacts; these factors form unique ecosystems in each area. An important aspect of coastal ecosystems that distinguishes them from open ocean ecosystems is the presence of benthic habitats. Vegetated coastal habitats, including seagrass beds, seaweed meadows, mangroves, and salt marshes, are highly productive (Duarte 2017; Mann 2000) . Benthic microalgae are also important primary producers, and in some areas their contributions to total primary production are comparable to those of phytoplankton in the water column (Underwood and Kromkamp 1999) . These vegetated habitats, and other biotic habitats including coral reefs, support a variety of animals (Nishihira 2006; Onaka et al. 2013 ).
The coastal ecosystem complex (CEC) is defined as an ecosystem network linking organisms and habitats in coastal areas . Commonly recognized habitats that form part of the CEC include mud flats at river mouths, seagrass beds, seaweed communities, rocky intertidal shores, sandy beaches, coral reefs, and mangroves. The CEC is hypothesized to play critical roles in sustaining the marine animals that occupy various habitats in coastal areas. In temperate waters, including those around Japan, coastal habitats are not static and are often subject to considerable seasonal and intra-seasonal fluctuations, which increases the complexity of the CEC. Many fish species, both coastal and migratory, utilize various habitats during different seasons and/or during different life stages.
As the CEC concept is evolving but still at the conceptual stage, studies investigating CEC processes through numerical modeling are limited. Some existing model frameworks appear to be capable of modeling the CEC, but the components and processes required to develop CEC models have not been thoroughly specified. Nevertheless, there are numerous numerical models of coastal ecosystems (Allen et al. 2012; Baretta-Bekker et al. 1997; Butenschön et al. 2016; Fulton et al. 2004a; Hata et al. 2004; Kishi et al. 1981; Sohma et al. 2004) , formulated for particular purposes. Models including higher trophic levels (Coll et al. 2016; Fennel 2008; Fulton 2010; Halouani et al. 2016; Kishi et al. 2011; Rose et al. 2015) have reproduced complex food webs and/or the migratory behavior of fish.
This report is organized into several sections, as follows. In the section "Modeling the CEC" we review components and concepts that are needed to model the CEC. In the section "Existing frameworks of integrated numerical models" we review representative integrated numerical models, including some case studies. In the section "Model applications and challenges" we discuss possible future challenges in developing a model for the CEC. In the final section we provide an overall summary.
Modeling the CEC

Basic components
As the CEC affects organisms that use multiple habitats in coastal ecosystems, the main target organisms of CEC models are those with multiple life stages and annual or longer life spans. In this context the present review focuses on model processes and components related to the production of fisheries associated with the CEC, although animals of conservation concern can be considered in similar CEC models.
Although fish productivity involves the transfer of energy from primary production, and losses resulting from metabolism and mortality (Fennel and Neumann 2004) , model representations of these trophic interactions and species ecology have often been simplified. Some models have considered a limited number of commercial fish species based on lower trophic levels including nutrient dynamics and zooplankton (Ito et al. 2004; Megrey et al. 2007 ), while others have considered the food web structure commencing at primary producers and omitting nutrient dynamics (Coll et al. 2006; Gaichas et al. 2009) . Most fish population models, including those based on virtual population analysis (Mangnússon 1995; Quinn and Deriso 1999) , have been limited to fish species separated into age cohorts. End-to-end models include all trophic levels, including fishery activities (Fulton 2010; Rose et al. 2015) , but typically not all species in the ecosystem are considered. In coastal waters of Japan, many fisheries involve low trophic levels including seaweed and filter-feeding bivalves. In these cases, low trophic level water-quality models can be used to evaluate the variability of target organisms (Kishi and Uchiyama 1995; Yoon et al. 2013 ). Classically, low trophic level ecosystem models use nutrients or biomass as the currency in the model to evaluate exchange among organisms and materials (Kremer and Nixon 1978 ). However, higher trophic level species that are the focus of CEC models increase considerably in weight and decrease in number as they progress from the egg to adult stages; consequently, two variables (biomass and number, or weight and number) need to be considered (Fennel 2008) . These have been considered separately in some studies (Kimura et al. 1992; Kishi et al. 1991) , or integrated within a single model (Fennel 2008; Fulton et al. 2007; Radtke et al. 2013; Rose et al. 2015) . Age-structured population models (Hilborn and Walters 1992; Quinn and Deriso 1999) partly represent these two components through the relationship between age and size.
Connectivity, heterogeneity, ontogeny, and trophic interactions
A key feature for inclusion in CEC models is spatial connectivity among habitats, which should reflect the ontogeny of the target species. In numerical modeling this involves both spatial and temporal dimensions. In addition, as prey and predators of the target species also undergo ontogenetic changes, the model needs to consider low to high trophic levels. These components are not always fully incorporated into numerical ecosystem models. Nevertheless, conceptual models have been developed, and simplified numerical models are often used to investigate selected processes such as biophysical dispersion (the advection, diffusion, and migratory behavior of organisms). In this subsection we review conceptual models and simplified numerical models for the above components, which are shown schematically in Figs. 1 and 2. Frameworks for integrated numerical models partly implementing the above processes, and case studies, are discussed in the next subsection.
Four ecological factors are derived from the key features of the CEC noted above: organism/material connectivity, habitat heterogeneity, ontogeny, and trophic interactions (Fig. 2) . These features can be used to categorize conceptual models from a more technical perspective, such as representation of model domain prey/predator interactions; however, not all concepts (including CEC) have been developed to the numerical model stage. In the following sub-subsections we review simple models by considering each of the four features, and then discuss how more complex models are categorized using these features.
Population connectivity models
Connectivity in marine ecosystems has been most intensively considered in the context of metapopulations (Kritzer and Sale 2006) . Small eggs and larvae of marine fishes and invertebrates are strongly influenced by currents, and large numbers can be dispersed both close to spawning sites and to distant areas (Jones et al. 2009; Lipcius et al. 2008) . For coastal and benthic species, settlement occurs after a planktonic larval stage, followed by reproduction to contribute to population connectivity (Cowen and Sponaugle 2009) .
A number of studies have conducted numerical simulations to quantitatively evaluate population connectivity. Core aspects of the population connectivity models (covering the population connectivity circle in Fig. 2 ) are based on the physical processes of advection and diffusion; these models are often extended to include the mortality and behavior of target organisms (Cowen 2000; Mitarai et al. 2009; Miyake et al. 2011; Werner et al. 2007 ). These models use physical parameters (velocity, temperature, and salinity) from hydrodynamic models, and estimate the distributions of organisms through Eulerian (an advection-diffusion-reaction equation for concentration) or Lagrangian (particle tracking) approaches. In evaluating connectivity, so-called dispersal kernels or connectivity matrixes (Cowen and Sponaugle 2009; Mitarai et al. 2008 ) are commonly used. An important component that distinguishes connectivity models from simple physical transport is migration. Some connectivity models consider vertical migration of planktonic larvae (e.g., Paris et al. 2013) , whereby the larvae settle in a suitable habitat or move horizontally using selective tidal stream transport (Cowen 2002; Criales et al. 2015; de Graaf et al. 2004; Savina et al. 2016) . The CEC concept includes population connectivity on a timescale of a generation, but also the life span timescale (e.g., ontogenetic habitat shift). Despite this, numerical models primarily focused on population connectivity can also be used to investigate ontogenetic habitat connectivity.
Species distribution models
Species distribution (SD) models (or habitat models) predict the occurrence or abundance of organisms using environmental information (Elith and Leathwick 2009) , and so are tightly linked to habitat heterogeneity (Fig. 2) . These are generally statistical models that are constructed using observed habitat-organism relationships. Various statistical algorithms, including generalized linear models, generalized additive models, and maximum entropy models, are used to predict the distribution of marine organisms (Jones et al. 2012; Murase et al. 2009; Pittman and Brown 2011; Reiss et al. 2011) . Although SD models are powerful tools for evaluating the spatial distribution of organisms in diverse habitats, they are usually empirical and most of them cannot provide mechanistic predictions.
The dynamic bioclimate envelope model (DBEM) developed by Cheung et al. (2008) predicts changes in the distribution of marine organisms driven by climate change. The DBEM first estimates the species distribution based on the environmental preference (bioclimate envelope) of the current climate, and then predicts the future distribution considering not only the changes in the environmental variables but also various ecological processes such as growth, mortality, larval dispersal, and migration (Cheung et al. 2008 (Cheung et al. , 2015 . As the DBEM can make predictions using physical and biogeochemical data from developed numerical models, it may also be useful in coastal ecosystems when considering the response of organisms to natural/anthropogenic environmental changes.
Life history models
If target species have multiple life stages with different characteristics, understanding life history traits is an important step in building a CEC model (Fig. 2) . As described in other contributions to this special issue, many fish and invertebrates in coastal areas are transported passively during planktonic larval stages, grow in nursery habitats, then recruit into adult habitats when they mature; this is accompanied by changes in feeding habitat Kurita et al. 2018; Ohtsuchi et al. 2018; Shirafuji et al. 2018; Takami and Kawamura 2018) . Therefore, life history models for coastal animals, even those involving single species, are tightly linked to population connectivity, habitat heterogeneity, and trophic interactions (Fig. 2) . Numerical individualbased models (IBMs) that consider individual attributes, and keep records of past biogenic states, are commonly used in the development of life history models (e.g., Savina et al. 2016) . To be developed into an ecosystem model, other organisms and materials that are trophically linked to the target species need to be included.
Food web models
Trophic interactions are typically presented graphically as a food web diagram, which is also a conceptual model (Fig. 2) . A food web diagram enables the "players" (organisms/materials) and their possible interactions to be represented. Ecopath with Ecosim (EwE) is a representative and widely used numerical food web model that estimates the abundance and relative strength of prey-predator interactions through an assumption of mass balance (Christensen and Walters 2004; Kiyota et al. 2016; Yonezaki et al. 2016) . Ecopath is a static mass balance food web model that can be included in the trophic interaction circle (Fig. 2) . Ecosim can incorporate temporal changes in the mass balance, and Ecospace includes spatial dimensions (Christensen et al. 2014; Pauly et al. 2000; Walters et al. 1999) . A review of Ecospace, which can numerically express the four features in Fig. 2 , is provided in the next section ("Existing frameworks of integrated numerical models").
Concepts coupling the four features
Although marine population connectivity models focus primarily on the movement of target organisms, resources for their production and their predators also move among habitats. Inputs of inorganic nutrients and organic materials into a marine habitat (termed allochthonous inputs) are key components of between-habitat interactions (BHIs) (Hori 2008). As Hori (2008) also considered the role of predators in exchanging inputs over different trophic levels, BHI includes connectivity and habitat heterogeneity, but also trophic interactions (Fig. 2) .
While BHIs mainly focus on the community structure in a coastal ecosystem (Hori 2008), allochthonous input is broadly related to biogeochemical cycles (Fig. 2) . For example, riverine fluxes of inorganic nutrients and organic matter into coastal waters are major components of carbon and nutrient cycles (e.g., Cai 2011). Many three-dimensional models coupling hydrodynamics and low trophic level ecosystem models have been developed and used to investigate coastal biogeochemical cycles. Amongst these are the European Regional Seas Ecosystem Model (ERSEM) (Allen et al. 2012; Baretta et al. 1995; BarettaBekker et al. 1997; Butenschön et al. 2016) and those reviewed by James (2002) and Moll and Radach (2003) . Biogeochemical models for Japanese coastal waters have also been developed (Hata et al. 2004; Sohma et al. 2001 Sohma et al. , 2004 Sohma et al. , 2008 . Of note, the BHI concept proposed by Hori (2008) focused more on the spatial heterogeneity of habitats within a coastal area, which is different from numerical studies of biogeochemical/material cycles at larger scales, often considering areas with a homogeneous benthic habitat (Cranford et al. 2007; Lacroix et al. 2007; Nobre et al. 2010; Xu and Hood 2006) .
As suggested in the above discussion, spatial scales and coastal habitat heterogeneity are important parameters related to connectivity. The metapopulation concept has been extended to metacommunities (Wilson 1992 ) and further to meta-ecosystems (Loreau et al. 2003) , which couples local ecosystems at seascape (equivalent to terrestrial landscape) or regional scales through flows of energy, materials, and organisms (Loreau et al. 2003) . Menge et al. (2015) proposed a conceptual hierarchical meta-ecosystem model that considers local community responses to oceanographic connectivity over multiple spatial scales. Although numerical ecosystem models coupled with high-resolution hydrodynamic models could reproduce multi-scale interactions between meta-ecosystems, these concepts have yet to be fully developed into numerical models.
Coastal seascape is defined as "a spatially heterogeneous area of coastal environment" (Bostrom et al. 2011) . Although the seascape and CEC concepts differ, individual components, including seagrass beds, seaweed meadows, tidal flats, and rocky shores, are common to both concepts. One exception is that the CEC often considers microhabitats (Takami and Kawamura 2018) that are generally defined to be distributed within a typical habitat, as mentioned above (Cuadros et al. 2017) .
The importance of the heterogeneity of habitats and their connectivity within a seascape were highlighted by Sheaves (2009) , and termed the "coastal ecosystem mosaic" (CEM). According to this concept, processes including the movement and dispersal of flora and fauna, nutrient exchange, consumption-recycling, and prey-predator interactions are considered to be important for various coastal organisms; e.g., those inhabiting estuarine, mangrove, and subtidal ecosystems. The CEM is thus plotted onto the central area in Fig. 2 with the CEC, where the four features overlap. Nagelkerken et al. (2015) reviewed the functions of habitat patch mosaics in seascapes as nurseries for coastal animals, and referred to these as "seascape nurseries" (SSNs). They considered core nursery habitats within the mosaic where abundance or productivity occurs, and the migration pathways connecting nurseries to adult populations (termed "ecosystem corridors"), which are critical for sustaining life cycles. Compared with the CEM, the SSN concept defined by Nagelkerken et al. (2015) is focused more on the life history of the fish species and less on their trophic interactions (Fig. 2) .
The CEM (Sheaves 2009 ) and SSN (Nagelkerken et al. 2015) concepts are relatively recent and have not yet been developed into numerical models. However, the ideas involved have been validated through field surveys and metaanalysis of seascapes including mangrove/seagrass/coral reef habitats and littoral/intertidal/subtidal habitats (Adkins et al. 2016; Barbour et al. 2014; Davis et al. 2014; Olds et al. 2012; Skilleter et al. 2017 ).
Existing frameworks for integrated numerical models
Biogeochemical model coupled with individual-based model
While low trophic level ecosystem (biogeochemical) models with components up to the level of plankton have been developed and become more sophisticated (Aumont and Bopp 2006; Butenschön et al. 2016; Doney et al. 2009; Kishi et al. 2007; Le Quere et al. 2005; Shigemitsu et al. 2012) , the inclusion of higher trophic levels remains challenging. One approach is to couple a biogeochemical model to an individual-based model (IBM) for higher trophic level species. The object-oriented Simulator of Marine Ecosystem Exploitation (OSMOSE) Cury 2001, 2004) , North Pacific Ecosystem Model for Understanding Regional Oceanography for Including Saury and Herring (NEMURO. FISH) , and NEMURO for Including Sardine and Anchovy (NEMURO.SAN) (Rose et al. 2015) are models that take this approach. Although original versions of these models do not include benthic habitats, this approach coupling a biogeochemical model with an IBM is important, as these components are generally more accessible and easier to handle than Ecospace and Atlantis that are reviewed in the following subsection. It is also noted that some biogeochemical models coupled pelagic and benthic ecosystems (e.g., Sohma et al. 2008; Butenschön et al. 2016) .
The core part of OSMOSE is an IBM for multiple species of fish (Shin and Cury 2001) . Clusters of fish individuals (super-individuals) migrate horizontally in the model domain, feed on smaller fish, are eaten by larger fish within the same grid, grow, decrease in number through starvation and fishing mortality, and reproduce (Shin and Cury 2001) . As complex prey-predator interactions are simplified in the size-based opportunistic predation process, many fish species can efficiently be included in the OSMOSE model. Using OSMOSE, Cury and Shin (2004) reproduced the fish size distribution found in empirical studies.
OSMOSE has often been coupled with lower trophic level systems based on satellite chlorophyll a (Grüss et al. 2015 ) and biogeochemical models (Halouani et al. 2016; Travers-Trolet et al. 2014) . Travers-Trolet et al. (2014) investigated the effects of the combined pressures of fishing and climate forcing in the southern Benguela ecosystem using a hydrodynamic lower trophic level OSMOSE-coupled model. This suggested important roles for intermediate trophic level foraging fish under the combined pressures. Halouani et al. (2016) also developed a coupled model using OSMOSE for the coastal ecosystem of the Gulf of Gabs, Tunisia (OSMOSE-GoG). This incorporated the results of a multi-scale species distribution model (Hattab et al. 2014) and provided realistic results.
Although habitat information was indirectly considered in the OSMOSE-GoG model (Halouani et al. 2016) , it cannot be used directly as a CEC model because habitat-species associations came directly from the species distribution model. Furthermore, the benthic production system is an important component in CEC models, but is not necessarily considered in models focusing on trophic interactions within pelagic layers, including OSMOSE-GoG (Halouani et al. 2016 ) and NEMURO.SAN for sardine and anchovy in the California Current System (Fiechter et al. 2016; Rose et al. 2015) . Nevertheless, it is possible to use model frameworks coupling a biogeochemical model and fish IBM to investigate the CEC processes, provided that the biogeochemical models explicitly consider benthic habitats and their various biogeochemical processes.
Ecospace
Ecospace is a spatial food web model developed from the EwE model (Walters et al. 1999) . As briefly reviewed above, the EwE model assumes the conservation of total biomass in a food web and estimates the biomass of organisms comprising the food web, and their consumption (exchange of biomass between prey and predator) rates. Ecopath calculates a steady state and Ecosim considers temporal evolution (Christensen and Walters 2004) . EwE models can often encompass the entire food web under consideration, and the number of functional groups of organisms that can be included is generally greater than in the coupled biogeochemical and IBM models described above. Ecospace introduces a spatial dimension to EwE models, enabling consideration of habitat heterogeneity, and also marine protected areas (Walters et al. 1999) .
The foraging arena concept introduced in Ecosim (Christensen and Walters 2004) separates prey biomass into vulnerable (consumed by predators) and non-vulnerable (not consumed by predators) parts. This occurs in nature, such as in the case of fish hiding in vegetated habitats or coral reefs. Irrespective of the ecological situation, the partition rate (vulnerability rate) controls the functional response of predators feeding on prey, and the model results are generally highly sensitive to this parameter (Christensen and Walters 2004) .
In the original version of Ecospace, each cell in a domain is occupied by one habitat type (Walters et al. 1999 ). This can occur if the spatial resolution is high enough to resolve the habitat mosaic, but is difficult to achieve in food web models involving numerous functional groups. To overcome this problem, Christensen et al. (2014) introduced a habitat capacity model, which calculates the habitat capacity of each cell by multiplying the preference functions of multiple environmental factors for each functional group, thereby enabling cumulative impacts of multiple environments to be considered in the model (Christensen et al. 2014) .
Using the version of Ecospace including a habitat capacity model, Coll et al. (2016) developed a model for the Southern Catalan Sea (northwest Mediterranean) ecosystem. They used environmental and phytoplankton biomass from hydrodynamic and pelagic biogeochemical models to force Ecospace to consider the proportions of the various substrate types (including mud, sand, and rock), and included 40 functional groups and four fishing fleets. Distributions and abundances of commercially important fishes were reproduced in the model. The model results suggested that the historical impacts of fishing and environmental conditions were not additive, but were synergetic or antagonistic.
Ecospace coupled with hydrodynamic and lower trophic level models, similar to that used by Coll et al. (2016) , offers the potential to investigate the effects of coastal habitats on the distribution, movement, and detailed trophic interactions of both pelagic and benthic organisms. If Ecospace is applied to analysis of the CEC, the outputs from a pelagic-benthic coupled biogeochemical model is preferable for the input data, as various types of benthic production are important for benthic fauna. With the EwE model and Ecospace it is possible to define functional groups including multiple cohorts (termed "stanza") such as the juvenile/adult stanza, and resident/migratory relationships (Christensen et al. 2005) , which are important for CEC models.
Atlantis
The Atlantis framework was developed for use in management strategy evaluation (Fulton 2010) , and thus includes various non-ecological modules including those for harvesting, assessment, and economics (Fulton et al. 2004a (Fulton et al. , 2007 . In this review we have focused on biophysical submodels (including fishing fleets) within the Atlantis framework, and hereafter the term "Atlantis" is used to refer to this subset.
As an ecosystem model, Atlantis has incorporated various components of other models (Fulton et al. 2004a ). The Atlantis prototype was Bay Model 2 (Fulton et al. 2004b ), a trophically diverse biogeochemical model that included four fish groups and their predators; one of its precursors was ERSEM (Baretta et al. 1995) . As an end-to-end model, Atlantis deterministically links physics to apex predators and fishing activities (Fulton et al. 2004a) .
Unlike many biogeochemical models coupled with hydrodynamic models, Atlantis does not use the same grid coordinates as hydrodynamic models, but rather irregular polygons that correspond to geographical features and benthic habitat types (Fulton et al. 2004a (Fulton et al. , 2007 . Hydrodynamic and other physical forcings are not coupled online with the main module, but are coupled offline as time series data. Physical factors are in some cases calculated using high-resolution hydrodynamic models (Fulton et al. 2004a (Fulton et al. , 2007 such as the Regional Ocean Modeling System (Haidvogel et al. 2008; Shchepetkin and McWilliams 2005) . By using an arbitrary grid system, Atlantis can readily express the composition of habitat types in a polygon; fine-scale mixing processes sometimes need to be tuned using a mixing parameter. The habitat types include canyons, soft bottoms, flats, reefs, seagrasses, macroalgae, and mangroves, and three habitat types formed by filter feeders (Fulton et al. 2007 ). The area of biotic habitat fluctuates dynamically in response to the growth and mortality of habitat-forming organisms. Consideration of these various habitat types is important if Atlantis is to be applied to model CECs.
Using Atlantis, Girardin et al. (2016) investigated ecological processes related to the biomass fluctuations of two commercially important flatfish species (common sole and European plaice) in the eastern English channel (EEC). The model they developed (Atlantis-EEC) resolved physical and biotic habitat types and the main nursery grounds of the target species within the EEC, and included 40 functional groups. Vertebrates, including fish groups, were separated into ten age classes. Fisheries were explicitly considered through the inclusion of fishing fleets. While the trophic structure around the target species was derived from parameter calibration using data from various sources (the main purpose of the study), it was also shown that nutrient inputs from estuaries were important because they support productivity in the nursery grounds for sole and plaice.
Integrated models based on Atlantis have also been constructed for the Gulf of Mexico , Chesapeake Bay (Ihde et al. 2016) , Guam (Weijerman et al. 2015 (Weijerman et al. , 2016 , and the California Current System ). These models were primarily developed to be used for research questions and hypothesis testing, though applications for strategic management decisions have included planning fishery restructuring in Southeast Australia , testing environmental impacts of groundfish harvest in the California Current (Pacific Fishery Management Council, and National Marine Fisheries Service 2015; Kaplan and Marshall 2016) and informing seafood eco-labeling standards (Marine Steward Council 2014; Smith et al. 2011) . Recent applications relevant to CEC processes include Atlantis modeling of habitat and nutrient effects in the very shallow Chesapeake Bay on the US East Coast (Ihde and Townsend 2017) , and modeling terrestrial inputs, warming, ocean acidification, and the benefits of coral habitat in Guam (Weijerman et al. 2015) . Atlantis thus has the potential to simulate connectivity, habitat heterogeneity, the ontogeny of organisms, and trophic interactions (Fig. 2) .
Model applications and challenges
Possible applications: case studies in this special issue
As noted in the section "Modeling the CEC", the CEC concept is still evolving, and numerical modeling has yet to be completed. Even in this special issue concerning the CEC, most of the papers focus generally on concepts. In this subsection we review several studies included in this special issue in terms of the conceptual diagrams shown in Figs. 1 and 2, and discuss the applicability of numerical models. Kasai et al. (2018) and Fuji et al. (2018) focus on the migration of temperate seabass between estuaries and coastal areas. As reviewed by Kasai et al. (2018) , eggs and larvae are transported shoreward from offshore spawning grounds, and juveniles settle in coastal areas. Some of the juveniles migrate upstream in rivers, using either tidal flows or salt wedges , while others do not. Fuji et al. (2014) found that the growth of juveniles moving upriver from the Yura River Estuary (Japan) was initially poor, but rapidly increased during the time spent in the river, possibly because of the better availability of food. In the modeling context shown in Fig. 2 , this seabass production system, involving offshore and coastal areas and estuaries, includes population connectivity, habitat heterogeneity, and ontogeny components. Takeshige et al. (unpublished data) used Atlantis to model the CEC in Tango Bay (Japan), and included seabass and several other fish species. While the planktonic larval period could not be included in Atlantis in their study, the contrasting growth histories of the two seabass groups (those ascending or not ascending the river) were successfully reproduced.
Ontogenetic habitat shift is one of main topics of this issue Kurita et al. 2018; Minami et al. 2018; Ohtsuchi et al. 2018; Shirafuji et al. 2018; Takami and Kawamura 2018) . Clear shifts during early life history stages have been observed for Pacific herring (Shirafuji et al. 2018 ), Japanese flounder (Kurita et al. 2018) , abalone (Takami and Kawamura 2018) , turban snails , kelp crabs , and Japanese sea cucumber (Minami et al. 2018 ). The results of these studies can in part be interpreted as conceptual life history models (related to the ontogeny component in Fig. 2 ) that also consider habitat heterogeneity. The ontogenetic habitat shifts investigated in these studies were attributed mainly to spawning-substrate associations and diet shifts, although shelter effects might be important for structural habitats such as kelp beds . The above conceptual life history models can be developed into numerical models that resolve various habitats and their functions, each of which is appropriate for the growth and survival of organisms at specific growth stages.
In contrast to the "serial" habitat shift with respect to the life stages noted above, multiple habitats are sometimes available "in parallel" at one life history stage, as is the case for the Manila clam (Hasegawa et al. 2018; Ichimi et al. unpublished data) . Ichimi et al. (unpublished data) report that larval Manila clams in the eastern Seto Inland Sea (Japan) are widely dispersed and settle onto tidal flats (thought to be the main adult habitat), but also onto shingle beaches, where a high clam density was observed. The temperature conditions in summer were more moderate at the shingle beaches than on the tidal flats, suggesting they may be an oasis during severe heat waves. The settlement of Manila clam onto both tidal flats and shingle beaches occurs primarily because of the widespread dispersal of planktonic larvae, suggesting that other marine organisms that have planktonic larval stages may also use multiple habitats in parallel. In other cases, mobile organisms including fish can choose habitats that are suitable in particular situations, as is the case for juvenile seabass, which actively select either estuarine or coastal areas . The parallel use of habitats is therefore related to population connectivity and habitat heterogeneity (Fig. 2) . As reported by Hasegawa et al. (2018) , numerical models of population connectivity, such as particle tracking models for biological behavior, are useful for this purpose.
A graphical representation of a CEC is shown schematically in Fig. 3 , which conceptually models habitat connectivity for various species in a Japanese temperate coastal water such as Tango Bay Kasai et al. 2018; Takeshige et al., unpublished data) . It is noted that this graphical model does not represent the details of the Tango Bay ecosystem but highlights general processes and components of a CEC to be included in the model. Although some specific species (such as yellowtail, temperate seabass, Japanese flounder, Japanese anchovy and mysid Orientomysis japonica) are considered to play important roles in the Tango Bay ecosystem, they are included within generic functional groups aggregating similar species with respect to ecological functions. The diagram shows the CEC as a network consisting of various (heterogenetic) places that are connected to each other. The organisms visit various places for spawning, feeding, avoiding predation, or for other reasons that are determined ontogenetically and/or by phenology. In this model, the two piscivorous fishes are the main functional groups of focus; the ontogenetic habitat shifts and interactions with other functional groups (organisms/materials) are schematically shown in the figure. River discharge is one of the primary physical forcings affecting primary production in various coastal habitats mainly through distributing nutrients, and migrations of predators and forage fish are also included. This diagram conceptualizes the CEC network over various seasons and includes multiple organisms at various trophic levels together with temporal and spatial dimensions. Consequently, it makes a useful contribution to development of numerical modeling. It is also noted that dynamic simulations of this kind of conceptual model may use qualitative network models (Melbourne-Thomas et al. 2012) , which is useful especially when there are insufficient data to validate the model (Harvey et al. 2016 ).
Challenges
Building a specific numerical model for CEC analysis from a concept (Fig. 1) is clearly a major challenge. As discussed in previous sections, models should incorporate four components-population connectivity, habitat heterogeneity, ontogeny of organisms, and trophic interactions-at least to some degree (Fig. 2) . Technically, this requires that temporal and spatial dimensions, and a sufficient number of trophic levels and functional groups, be included. Based on the case studies in this special issue, resolving fine distinctions among physical and biotic habitat types and inclusion of the entire life cycle may be important. Numerical modeling of all of these factors requires substantial effort, and its development may best be advanced by modifying existing numerical models. Thus, the pathway for building specific models may not be completely separate from the pathway of the existing framework (Fig. 1) .
Although some model frameworks reviewed in this paper, including Ecospace and Atlantis, may be capable of simulating important CEC processes (e.g., Takeshige et al., unpublished data), modification of these generic models for specific purposes is likely to improve their results. Below, we consider three issues (habitat function, ontogenetic development from planktonic larvae to benthic/nektonic juvenile, and recruitment variability) that have been identified in case studies of the special issue as being important Hasegawa et al. 2018; Hayakawa et al. 2018; Ichimi et al., unpublished data; Kasai et al. 2018; Minami et al. 2018; Ohtsuchi et al. 2018; Shirafuji et al. 2018; Takami and Kawamura 2018; Tanaka et al. 2018; Sawada et al. unpublished data) .
Habitat-organism associations occur because each habitat has an important function for each organism. An important role of structural habitats (e.g. , seagrass beds and seaweed meadows) for some organisms is that they act as refuges from predation. Ecospace can consider this aspect through the foraging arena algorithm (Walters et al. 1999) ; the refuge effects of habitats can also be set to depend on the biomass of habitat-forming organisms (e.g., biomass of seagrass) through an additional term called "mediation function," but it was recommended to handle this function with care as the results are often very sensitive to the form of the function (Harvey and Rose 2014) . Atlantis expresses this slightly more mechanistically by formulating the refuge coefficient from the coverage of suitable habitat (Fulton et al. 2004a ). However, in this regard, there have been profound revelations during field surveys. Seagrass beds may be safe for small fish during the day, but the presence of nocturnal predators makes the trophic interactions associated with seagrass beds more complex (Tanaka et al. 2018) . In addition to refuge functions, physically irregular benthic or structural biotic habitats attenuate tidal flows and disturbances, and for some organisms increase the surface area available The network consists of four levels including seven habitats: river (I), estuary with muddy/sandy bottom (II), seagrass bed (III), shallow seaweed meadow (IV), deep seaweed meadow (V), the water column (that is not closely linked to benthic habitats) (VI), and coralline algae at the offshore margin (VII). The four levels, including that of river, roughly correspond to water depths. Escalators represent pathways between habitats in different depth zones. The different sizes of each pictographic functional group (piscivorous and planktivorous fishes, and benthic grazers) indicate either adult (large) or juvenile (small) stages, while eggs are shown as circles or ellipses behind the adults 1 3 as substrates for spawning and settlement. The inclusion of more direct representation of structural habitats, rather than parameterizing roles such as refuge function, is expected in future modeling of the CEC.
Development from planktonic larvae to benthic/nektonic juvenile stages and recruitment variability are related issues. Many coastal animals have planktonic larval stages that proceed to benthic or nektonic juvenile stages. For these animals, mortality during the early life stages from predation, starvation, or other causes is generally high compared with mortality during adult stages, and this often results in large variability in annual recruitment. IBMs coupled with hydrodynamic/biogeochemical models including NEMURO. FISH/SAN Rose et al. 2015) and OSMOSE (Halouani et al. 2016; Travers-Trolet et al. 2014) have advantages in resolving life histories. Indeed, Rose et al. (2015) modeled the entire life cycles of sardine and anchovy in the California Current System. If these models included benthic habitats they would be able to model settlement from planktonic stages to the benthos, and the subsequent ontogenetic habitat shifts Minami et al. 2018; Ohtsuchi et al. 2018; Takami and Kawamura 2018; Sawada et al., unpublished data) . Although Ecospace and Atlantis include benthic habitats and generally consider finer trophic networks than do IBMs, the resolution of early life history stages is relatively coarse, partly because of the high computational cost. The default time step of the current version of Ecospace is 1 month (Christensen et al. 2005) , and the current version of Atlantis does not include planktonic larval stages (Fulton et al. 2004a (Fulton et al. , 2007 . To incorporate greater temporal or stage resolution for early life stages in these models, some simplification in other parts of the models may be needed to reduce the computational cost.
In addition to anthropogenic stresses, natural recruitment variability is a major factor influencing biomass fluctuations among marine resources, and has been a main focus of fisheries research. Because ecosystem models formulate ecological processes derived from field observations, they cannot mechanistically reproduce the recruitment variability in the absence of understanding of the underlying processes. Nevertheless, based on hypotheses, it is possible for models to include early life history mortality processes that directly influence recruitment variability; however, these would need to be validated by future observations. Integrated models such as Ecospace and Atlantis are not designed to investigate recruitment processes, as they do not have the fine resolution required for early life stages (Christensen et al. 2005; Fulton et al. 2004a Fulton et al. , 2007 . Atlantis can reflect the importance of the juvenile habitat through inclusion of a recruitment coefficient for each habitat, but this does not resolve recruitment processes. Focusing on early life history stages and incorporation of the results of field surveys are needed to address this issue.
Finally, because the aim of the CEC concept was the sustainable use of coastal living marine resources , management perspectives are also important. The importance of ecosystem-based management has been widely recognized, in which ecosystem models are expected to play major roles (Grüss et al. 2017; Kaplan and Marshall 2016; Lehuta et al. 2016 ). Although we have discussed model development that includes detailed ecological processes suggested from observations, one problem is that this will also increase parameter uncertainty (Collie et al. 2016) . Models of intermediate complexity may thus be feasible for management use (Plagányi et al. 2014 ).
Summary
To aid future numerical modeling of CEC, in this study we reviewed and discussed the modeling stages, the CEC and related concepts, and existing coastal ecosystem model frameworks. We identified two paths from objectives for numerical models: specific model building and use of existing models. As the CEC is still at the conceptual stage, both paths should be pursued. We also identified four important ecological features for CEC modeling: population connectivity, habitat heterogeneity, ontogeny of organisms, and trophic interactions. Population connectivity, species distributions, life histories, and food web models were categorized using these features. Of note, the BHI (Hori 2008), CEM (Sheaves 2009), and SSN (Nagelkerken et al. 2015) concepts have some overlap with the CEC concept. We reviewed existing model frameworks including NEMURO.FISH/SAN, OSMOSE, Ecospace, and Atlantis with respect to their potential to model CEC processes. Three issues which need to be considered in future CEC models were identified: habitat function, ontogenetic development from planktonic larvae to benthic/nektonic juveniles, and recruitment variability. These have been identified as being important in case studies presented in this special issue. While model complexity is increased when considering observed ecological processes, the complexity of models for fisheries management should be intermediate to moderately decrease parameter uncertainty.
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